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A VISUALIZATION STUDY OF SECONDARY FLOWS IN CASCADES’ 
By HOWAUD Z. HEZWQ, ARTHUR G. HANSEN, and CEOBGP R. COSTELLO 

SUMMARY 

Fhwi.suali&h tcehniquce are enaploycd to osetrtain the 
streamline pattmrs of the nonpotential e c c d r t y j e o r a s  in the 
boundary layers of cascades, and thereby io pr& a ba& for 
more ezlendcd a d y m  in turbomachinut. Thc threedimen- 
s i o d  defleeti07b of the e n d 4  boundary layer rem& in the 
formatwn of a oortez zoitlrin uuh caecodc pasmge. The size 
and tightness of the oortcz gencratcd depend upon the main=+w 
turning in the cascu.de pcreeagc. Onu fd, a bortw neists 
turning in subsepumt bladc r w ,  with c o n s c e  unfamblc 
a+ of attack and possibb+ distwbanus on the prceswe 
surjaca of svbsquent blade rows when the vortiea impinge an 
these szufcrccs. 

Two major tip-clcamncc eflecta are observed, the fonnaciOn o j  a 
tip-chranee vortcz and the emping e#ect of a blade with rclotiw 
motion past the taau boundary luger. ThcpMapttrrns id- 
mcMods for  improving the bladc tip-loading ehtbrudedtb qf 
compressors and of locb and high-spd Ewbince. 

r n 0 D r l C M O N  

An important problem arising in the design of turboma- 
chines and in the snalyBiS of their performance is an under- 
standing of the nature and influence of so-called Becondary 
flows, which are here defined as any motions of boundary- 
layer fluid having components of motion n o d  to the through- 
flow directions. These secondary flows, which sre directly 
responsible for boundary4ayer accumulations and boundary- 
layer flows within the passages of the turbomechine, often 
lead to significant aerodynamic losses. The ideal answcs 
to this problem would be a practical design procedure based 
on the complete solution of the threedimensional viscous- 
flow equations in the actual turbomachine configuration. At 
the present time, suchsolutionshavenot beenobtainedbecause 
of the mathematical complexity of the problem involved. 
In practice, therefore, the fluid flow in turbomachines is 
studied by considering separateIy the main flow (taken to 

be a perfect, inviscid fluid) and the boundary-layer flow (in 
which all the visoosity phenomena are considered to be con- 
centrated). This, of course, qu&es somewhat the results 
of the analysis. Furthermore, practical three&m ensional 
solutions have not been obtained even for the thus differ- 
entiated flow regions, and additional simplifying assumptions 
are required, which, in turn, further quslify the results. 

On this account, current blade design methods for turbo- 
machina are based mainly on modified two-dimensional or, 
more recently, on quasi-three-dun a ensiod flow theories of 
perfect, inviecid fluids. The design is then refined by allow- 
ing for such factors as boundery-leyer thickna and growth 
by u8e qf formulas developed from clsssicrrl studies of simple 
flow codgurntions. Inherent in this procedure is the as- 
sumption that such corrections for the &wta of viscosity ~811 

yield good approximations of the real-fluid behavior in actual 
turbo-es. This combinationof simplified flow theories 
with adjustmenta for boundary-layer &ecb has made possible 
the achievement of fairly e ~ t k f a c t o ~  d+ procedures for 
t.ahm&es t h t .  npemte at low- and mdemte-flow speeds. 
However, with the trend toward high-aped, high-mndiow 
turbomdhes ,  these boundary-layer &mts become in- 
creas- gly significant. As trmmnic velocitk are approached 
within the flow pa%sagee, the bou~dq-laye# accum&~138 
and threedhezmiod boundsry48yer flows, togethr with 
their effects upon the mainstream flow, give rise to such large 
deviations from the design flow conditions that them 
ordinary rough, qualitative adjustments are no longer de- 
quate. Witb useful solutions of the complete flow equations 
still remote, the designer has no recourse but to refine hk 
qualitative adjustment procedures in an effort to compensate 
more succe88fuuy for the increased boundary-layer devia- 
tions. The deaigner is then confronted squarely with the 
need for obtaining more sccurcrte, fundammtal informa- 
tion concerning the nature of the secondary flows in turbo- 
machines. 
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With the direct approach to the problem (i. e., solving the 
complete flow equations) barred, various - theoretical and 
experimental investigations have been made, each of whidh 
by means of certain simplifying assumptions describes 
partially the manner in which secondary flows deet the 
performance of turbomachine. Zn these analyses, usually 
one of two methods has been used to estimate the deviations 
in the exit flow angles and velocities due to boundary-layer 
.behavior. The first method (re€. 1) is based principally on 
airfoil theory, and the flow deviations are considered tie 
arising from (or at least measured 'by) trailing-edge voctices 
associated with spanwise variations tin circulation. The 
second method (refs. 2.and 8, e. g.) k .bed on the flow of m 
ideal fluid in a channel with ~cUg.ing inlet total preasurq, 
and deviations .mise from .the appearance of .a vocticity 
component %in the direction of the main flow. 

In  the investiigamons considerad, attempts wefie made to 
give a qualitative ,picture ai seoodary-flew behavior 5nd to 
provide some foundations for appmimate ~QSS caloulations. 
Because of .the simplifying aammptions invglslea, hmever, 
the question r e m k  as it0 bow securatdy &me methods 
and various exhamions of theae methods b& aobud 
flow phenomma, for example, in a cascade. And = H e  &e 
knowledge concerning the detailed stread-be peihtxw taf 
.the actual flow in a bMe mw L essential to an mwmte 
understanding of the m i m e  and influence of sumximy k 4 ,  
snch information hss not been obtained to dste fxmn tihe 
sfommentioned techniques. 

These considerations motivated a series of experimmtd 
bvestigations at the NACA Lewis laboratory to detrpmhte 
the &reamline patterns in a d e .  This report prewnts 
the results of these investigations, in which flow v isua l izah  
by means of smoke and chemical traces, as well as bta- 
pressure and flow-angle measurements, was used in order 
to obtain an insight into the threedimensional boundary- 
layer flow patterns in typical a x d a o w  turbomachina. 
Photographs of the various flow patterns obtained by the 
visualization procedures are presented. By obtaining direct 
evidence of the flow paths by the careful application of these 
visualization techniques, the fundamental assumptions that 
might qualify the results of theoretical analyses were 
avoided. 

The particular boundary-layer phenomena considered are 
(1) secondary flows in the shroud region, (2) radial transport 
of boundary-layer material, and (3) blade tip-clearance- 
region secondary flows with and without rdative motion 
between the blades and end walls or shrouds. 

Unfortunately,  because of the complicated three- 
dimensional flow patterns, it is difficult to arrive at  an un- 
derstanding of the secondary flows in a turbomachine by 
instituting the study of such flows directly in the machine. 
Accordingly, for the first step, the visualization techniques 
were used to obtain the streamline patterns in a stationary 

twodimensional cascade for a range of Reynolds numbers. 
The secondary-flow behavior in the end-wall (shroud) 
boundary layem was thus observable without such dis- 
turb% influences as over-all radial pressure gradients or 
rotative effects. 

In  order to extend this study to more general configura- 
tions, the influence of blade geometry was then investigated 
qualitatively by independently varying stagger angle, aspect 
'ratio, solidity, and angle of attack, and by using blade fillets 
*in the twodimensional cascade. As part of a more detailed 
study of the effects of high-turning on secondary flows, the 
.secondary flows in rectangular bends (which have been the 
subject of many recent investigations (cf., ref. 4)) were also 
studied by means of flow visualization. Furthermore, a 
,comparison was made between the boundary-layer flows 
.in such bends and in blade rows with similar turning 
seatiom. 

Theflow-visualization technique was applied to an annular- 
turbinenozzle cascade at  high subsonic and at  supersonic 
Machmumbers in order to extend the scope of this inwetiga- 
tion to ttypid %urbomachine flow conditions where radial 
pressme s;redients and shock phenomena do ex&. The 
resulta cdE these -visusliz&tion procedures were instrumental 
in sucaeadld &erpetSrtions of total-pressure and flow-Pggle 
rneasuraurenb m d e  m rdarence 5. 

In  ork.bO &milate zumedosely the mechanical condiiions 
in a tur- - e, -&e fd imens iona l  cascade was modified 
to enable t$e dimly d the influence of blade tip clearance and 
relative &n Xaehveeaa aSe wall and blades. Ah, the 
Snteractions of tha scnxdmy flows in successive blade rows 
were inv-ted hidy in taddm cascades. 

The inv-tian pmwnhd i this report is intended 
mainly as an eJrplaptOry iaqp'er3r into some fundamental 
aspects of the b o e 4 a y e  h in  turbomachines. The 
results of the explomtory stnxmhq-flow studies outlined 
constitute an informational unit intended to be basic to 
gmeral investigations of the adad  geaandary flows in turbo- 
machines and are preliminarJr b a more complete analysis of 
the flow in turbomachines. Nevertheless, the insight ob- 
tained into the secondary-flow patterns and behavior is 
fundamental in nature. Thm, it may pmvide a basis for 
coda t ion  and interpretation of other experimental data. 
When flow conditions are sufficiently similar to those existing 
in these studies, the conclusion8 drawn herein may likewise 
serve to extand the understanding and correlation of other 
experimeutal data. 

It is further anticipated that the flow behavior observed 
experimentally in the various configurations may prove use- 
ful as a means for evaluating the ressonableness of various 
simplifying assumptions used in theoretical analyses. In  
particular, it might serve as a criterion both in the initial 
selection of the assumptions and in estimations of the physical 
validity of analytically obtained results. 



A VISUALIZA~ON BTUDY OF SECXBNDARY m W B  W CASCADW 3 
APPARATUS AND pBocEDtJR= 

-firarms 
AnCAm&mbians* in thissection will be sboron 

b the figUre8 throughout the report. where n-, M 
b r t  appears on the photogrsphs depicting dteixt8-y 
an overhead view of the configlllptiol3 a d  t b e d e  trace 
appeariagin tbe pbtogra* 

B88ic *u-diBlsnsiOrul wparia-Tbe initial experiment.t 
bvestigStion was intended as a atudy of the S ~ C C H I ~ ~ W  

phenomena in a d e  end-wd 
cated by radial presmre grsdients arrotative h- There- 
fore, these baeic teste wen carried out ia a - 
steady-€low cascade (see fig- 1). The sis to the caimde .[RB 

supplied by the Iabomtory d u s t i o n - a i r  system red 
discharged directly inw the room. Bearme d the coaatrub 
tion of the caam.de, the inietais ve l tn5h  ~ e s e  limited te 
Mach numbers below approximately 0.4. 

h@r 

r 

I 

FIGWEE l.-Twdmexwiod steady-flow d. 

The blade row consisted of six MACA 65(12)-10 blades 
mounted between two & w d  ~dii tit L &e a€ 45", 
an angle attack of 11 O, and a turning angle of No. The d i d -  
ity of the cascade was 1.5, and the aspect ratio for the blades 
was 2.34. A row of static taps was located on one wall one- 
half chord upstream of the blades. At this same db 
tion, a X ' - i n c h - o u t s i d e t e r  probe was mounted in a dot 
in the other wall for the introduction of smoke into the Sir 
stream at any desired point. All tests were conducted m the 
half of the passage adjacent to the smooth wall con- 
the static taps in order to avoid any disturbances that might 
arise because of the probe slot. 

Xodified two-dimensional curcoda.-The construction of 
the  basic two-dimensional d e  was such that the blade- 
geometv parameters could readily be varied i n d e p d e d y  
over a wide range. In this fashion the flows through more 
general configurstione could be studied "he geometric 
parameters that were varied were staggex angie, m p t  rrtio, 
solidity, and angle of attack. Other tests involved the we 
of fillets between the blade tips and the d. 

The 65(12)-10 blade mountings were such thst the blade 
could be moved to provide tip cl-ce between the W e  
tips and the wall. The d could further be m p l d  by UL 

endlea moving belt, the direction and speed of which could 
be varied m order to study the influence of relative motion 
be%weem the blades and the wall. The tension on the belt 
was adjusted to prevent flow disturbances due to belt flap. 
The testa Wem d u c t e d  at three belt speeds: low speed 
(b$t speed we4 behw &speed), moderote speed @ I t  speed 
appmsimateJy equd to 8impd) ,  a d  high speed (belt speed 
weU above rirepasd). 

-e.-An mnnhr-turbine-nozzle 
d wms uaed to estad the inve&igotiOn of secondary 
fiowa to snbeoaic a d  to supersmic Mach numbem in a 
W - 1 ~ c a a f i y r s t i o s  (re€. 5)- A schematic 

to this casde from the Lrboratory caarbnation-air system 
m dieehugcd m t ~  the loboratory altitude exhaust - view ef tae' rppu8tUs is ehoffn in figare 2. In;; was supplied 

hcbngdm beds.-The blade row of the two-dimensional 
d e  was replaced by a row of sheet-metal blades. The 
turning sections of these bladea were concentric circular arcs 
having turning &ea of 45O. When long stmight inlet and 
exit guides were provided, the passages thus formed were, in 
&at, rectpngucsr bends. The end wall in which the probe 
was mounted waa r e p W  by a Lucite wall to make it p- 
aible to look directly into the entire bend. The overhead 
photographs of the bend flow were taken from this position. 

Another mvestighon wa8 made of the rectsngular-bend 
codigumtion, in which the blade turning sections were 60° 
circular ara, all having the same radius of curvature. The 
bends were made of sheet crlUmi.lum and were mounted in a 
twodmens iod  cascade with s stagger angle of zero. 

mh-turning amcuIrr.--The boundary-layer behavior in 
the 6oo bends was compared with that in a set of 60'- 
cirdar-erc blades. These blades were sheet aluminum 
and were mounted in the Oo-etagger9ngle wdgumtion. 
The sole difFerence between this 60G cascade and the 60' 
benda was that the d e  did not have the straight guid- 
mce sections at the iulet. In order to investigate the 
ei€& of dative motion between end wall and blades at 
high flow-turnkg angles, aheet~lumhum bladea witb 
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approximately 125O turning were used in the 45O-stagger- 
angle cdiguration. ~ 

Tandem cascade.-The blades for the tandem cascade, 
which were also made of sheet aluminum, were used in the 
O0-stagger-angle configuration. Each of the two blade 
rows of the tandem d e  was mounted on an individual 
aluminum strip, which enabled the positions of the two 
blade lows to be shifted relative to each other in both the 
blade-to-blade and axial directions. 

The blades in the tandem d e s  were bent in Circular 
arcs to give a turning of approximately 60° each. The 
upstream d e  turned the flow 60' from axiaI (to the 
left as seen in the figures of this report). The wmnd or 
downsheam cascade turned the flow back to the axial 
direction. 

Iru)W VlSUAltGAllOSU 

Three methods were used to visualiTe the flow patterns: 
(1) smoke traces in the passsge and on the bbdes and walls, 
(2) hydmgen sulfide gas feacting with a lad carbonate aut+ 
pension in glycerin painted on the walls and blades, end 
(3) paint flow traces on the surfaces a t  the higher &ow 
speeds. The smoke flow-visuslimtion method was used in 
the twodimensional c a s d e s  for tests d e  at low speeds 
(30 ft/sec). A t  the higher speeds (Mach numbers of approx- 
imately 0.4 in the twodimensional configuration and higher 
Machnumbers in the annularaseaide), the hydmgen sulfide- 
lead carbonate vismiiiation method was used. At the 
highest speeds studied in t h e  a ~ b  cascade, the flow of 
the paint OR the shrouds and bides pmvided additional 
information concerning the seumdtiry-flow behavior. 

Photographs were taken of the traces obtained by admit- 
ting smoke or hydrogen euEde theugh the wall static tap 
and through the probe a t  either the wall itself or in the 
passage. As will be demonstrated, &be agreexnent betmeen 
the probe and shtic-tap trams showed that &e probe did 
not disturb the flow in the passage sufficieatiy to &act 
these tests. 
Smoke traces.-Smoke was produced by buming oil- 

soaked cigars with service air (fig. 3). This method of 
generating smoke was found to be superior, for this appli- 
cation, to other methods used elsewhere. In particular, the 
smoke was nontoxic, nomrrosive, d y  generated, a d  of 
sufficient intensity to be &graphed. The rrfee of smoke 
production and injection into the air stFeem wrere d u l l y  
controlled by means of settl-hg bottles, pressure nguhtms, 
and bleeds in order to d e  possible close mtching of the 
local direction, vdocity, and density of the air stream. In 
order to maintain the m k e  traces intense enough for photo- 
graphing, the inleeair velocity wae be3d at approlrimaay 
30 feet per seoasd when & make vi&.hn metfrod 
W R ~  ~ o d ,  'The ~an~bimte method was partic&Iy 
advantageous, because it was possible thereby to -e 
the streamlines apy @am in the passage as w d  as m y  
on the wails and %lades No difhulty wm a u n M  
with dif€usion of smoke into air. However, it is dficdt to 
present the m d t s  pBot~graphically, beaoee the photo- 
graphs t a m t  show the t-sisd movement of the 
traces, which appear, 'instead, as projections against the 

FXQUSLE 3.-Smoke generator. 

passage walls or against the blades. In addition, suitable 
photographs are difficult to obtain for regions of low contrast. 
Hydrogen snMde traces.-In order to obtain flow traces 

at higher ailspeeds, the following procedure waa adopted. 
The wall and the blades were covered with a paint of lead 
carbonate in glycerin pnd alcohol. As the hydrogen sulfide 
was intmduoed through the static taps or through the probe, 
its path along the blades and on the wall was observable as a 
bmwn t m  on a white background. This reaction is semi- 
permanent and accumulative. The procedure, therefore, 
was to introduce the hydrogen sulfide at  such rates that the 
local velocity and direction of the air stream could be matched 
closely md the disturbance of the local flow minimized. 
This was oontinued until a photographable trace was ob- 
tained. Furthermore, the molecular weight of hydrogen 
sulfide is close to that of air, which minimiies the diffusion 
due to density Uerences. Disadvantages of the method 
are that the gas is highly toxic and corrosive and the reaction 
must. proceed for a long time in order to obtain sufficient 
d o r  amtrast for photographing. 

Paint flow traces.-At the higher Mach numbers, the 
soft, nondrying paint used in tbese tests would flow along the 
painted surfaces and trace out dow patterns. It will be 
demonstrahd by comparison with hydrogen sulfide traces 
that tbe pint flow trace5 can indicate the flow conditions 
directly at the suriiwea involved. 

l'UOCEDUP5 

In any experimental investigation it is necessary to estab- 
lIsh the velidifg of the procedures involved in order to ensure 
the reliability of the results. In the following paragraphs, 
the k t  p d m  a,re discussed, and the bases for confidence 
in th results obtained are briefly indicated. References are 
d e  to the various sections of the report where each of the 
considerations involved here is discussed in greater detail. 
Probe invsrrtigrtian.-The experimental investigation of 

secondary Bows was begun with the basic two-dimensional 
d 0  at low airspeeds. Smoke visualization techniques 
were employed to trace out the flow patterns in the end-wall 



bounderg layer of this cascade, in which such complicrrfing 
fsctors as radial pressure gradiemts or rotative lo- were 
eliminated. It was considered desireble to use the probe for 
the introduction of the smoke for the low-sped teste, because 
with the probe a point-by-point traverse across the 
section just upstream of the blades could be made. Thus, it 
was neceeesry to establish the reliabfity of the probe results; 
this was done by comparing the streamline patterns obtained 
by use of the probe and the static taps for introducing smoke. 
Figuws 4 to 7, which show the deflection pattems hi the w d  
boundary layer, are used for this purpoee and will be dia- 
cussed fully in the mrnu Iowarmm INVEBTTGATION section 
of RESULTS AND DISCUSSION. (Throughout this report, 
except when specified otherwise, the photogrsphs preeented 
were taken with a camera downstream looking up- 
into the discbarge section.) Examples of probe surveys of 
the secondary-flow patterns in the basic t w o d i m e n s i d  
cascade wall boundary layer are shown in figurea 8 and 9. 

Hydrogen s a d e  investig8tion.-As noted earlier, the 
use of smoke traces proved unsuitable at the higher air 
velocities, and under these conditions one method of visual- 
izing the flow was by means of hydrogen sul6de. The tend- 
ency of the hydrogen sulfide to s p d  out rendered impossible 
the maintenance of the trace as a well-defined line. Because 
of the increased turbulence a t  the higher sir velocitie8, the 
hydrogen sulfide could not be confined to 8 layer at a specifid 
distance from the wall but was distributed throughout the 
entire height of the boundary layer. Therefore, the hydrogen 
sulfide traces indicate the flow paths of a region of the 
entering boundary layer instead of an individual path. 
Hence, pictures of these traces, in general, resemble figures 
4 (b) and 6 (b), where the smoke was introduced at  some 
position away from the w d .  F i  io to i2  Z-QS’JB~S +A€ 
kind of “wide” trace typically obtained with hydmgm 
sulfide. 

Paint-trwe inveatigation.-Justtion for considering 
the patterns obtained by the flow of the nondrying paht 
indicative of boundary-layer flow paths directly at the 
surface was obtained by a comparison of the hydrogen 
sulfide trace with the paint trace in figure 10 (c), where the 
similarity between the patterns obtained is noteworthy. 
The obvious precautions are that the paint must be non- 
drying and capable of flowing when subjected to the &-flow 
gradients, and Slso that the test duration must be suliiuent 
to ensure that the paint attain a final pattern rather tbpn 
merely some intermediate patterns. Neverthelleae, t h e  
assumption that paint flow traces correspond to 8kfIow 
paths can be considered valid only when con6rmed by 
additional experimental evidence. 

Inlet boundary-layer conditions.-For convenience in t h e  
course of making the modifications to the cascade as requid 
for’the geometric configurations under study, various  length^ 
of inlet section, constructed of different matariahi, wen 
used, because preliminary checks showed (within wid( 
l i i t s )  that the thickness of the inlet boundary layer d i c  
not effect the type of results obtained. This conclusion 
a f f i e d  by noting that the general character of the fund8 
mental secondary-flow phenomena is unchBnged over the 
wide range of conditions investigated. 

BESULTS AND DISCUSSION 
l ” I U L 0 W ~ B S D n r r r S n C A ~  

The first stage of the eXperimentd investigstion of 
mndary flows was the visualization of the stmunIim 
atterns in the wall boundary layer of the basic two- 
imensiod cascade. The mainstreaun air velocity WES 

nitted the use of smoke for vieualiting. 
Sprnnke ruirtion of d8ileCtion.-The initial phase of the 

xperimentp1 progmm was concerned with detemhing the 
lature and magnitude of the dedlection of the wall bounduy 

from the pressure surface of one blade tvwmrd the 
uction surface of the adjacent blade. The pmgmmive 
ncrease in flow deflection as the wall ia approached is 
palitatively discussed in the literature. The flow ddection 
I f  smoke tracesfor threespanwisepositiom is shown infigure~4. 
h figure 4 (a), the smoke is admitted from the static tap with 
b velocity su&ient to project the smoke stream approxi- 
nstely % inch from the wall. In figure 4 (b), the smoke 
relocity is reduced to the point where the smoke is projected 
rpproximatdy 3 inch from the wall. In figure 4 (c), the 
imoke velocity is further r e d u d  90 that the smoke tube 
its against the wall in the vicinity of the tap. By auper- 
mposition of them three photographs, the variations in 
ieflectiom are evident (fig. 4 (d)). 

The results of the spanwise survey, shown in figure 4, 
hnonstrate visually the increase in flow deflection in the 
wall boundary layer as the wall is appracrched, as anticipated 
u1 the literature. In figure 4 (c), the atheamline path in the 
boundary layer very near the wall is dearly aeen to cmas 
the passage and to arrive at the suction surface of the p.% 
sage well upstream of the blade trailing edge. 

Eehbility of probe and static-top remltr.-The deflec- 
tion in the boundary iayer along the v v d  =he;; tzaoke is 
admitted through a static tap located upstream of the bladm 
isshowninfigure5. Thesmoketrirceinfigure5(b)nrs 
made by the smoke that remained in the static tap from the 
time of the previous photograph (fig. 5 (a)). In 6gum 5 (b), 
the pressure drop from outeide the tunnel to the static pree- 
sure at the wall inside was negligible, and 90 the rcsidd 
smoke must be considered to have assumed the direction of 
the sir flow at the wall; that is, it was not projected out into 
the air stream. F v  5 (c), a superimposition of fignree 
5 (a) and (b), indicates that, as these teste are conducted, 
each of the smoke traces 90 represented must be amsidered 
as lying along the wall in the neighborhood of ita reepective 
tap. This procedure was useful in establishing that the flow 
patterns a t  the wall it&& could be Visuslited properly by 
means of smoke traces. 

The deflection patterns obtained by a spsnwiSe survey 
through the boundary layer, using the probe to intraduce 
the smoke, are shown in figure 6. Paralleling the teste for 
figure 4, the probe was positioned so that the smoke was ad- 
mitted % inch from the wall (&. 6 (a)), % inch from the wall 
(fig. 6 (b)), and at the wall (fig. 6 (c)) . The superimPOeiti0n 
of - 4  on figure 6 is shown in figure 7. The dose 8gree- 
ment between t.he s t r eadhe  patterns obtained d ~ o n s t d e a  
that the presence of the probe does not unduly disturb the 
flow and that, under the test conditions, the probe d t a  
are reliable. 

1I8hhbhd at 8pprOIim8tdy 30 f& SeCOd, which Pa- 
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-. ( C )  

(a) Smoke trace 5 inch from wall. 
(c) Smoke trace on wall. 

(b) Smoke trace % inch from wall. 
(d) Superimposition of (a), (b), and (c). 

FIQIJBE I.-Variation of flow deflection in boundary layer. Smoke introduced through wall static tap. 
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(a) Smoke through static tap. (b) Residual smoke through static tap. 
(e) Superimposition of (a) and (b). 

FICCRE 5.-Deflection of boundary layer along wall. Smoke introduoed through static top upstrerm of bl.dca. 
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( c  1 

(a) Probe y1 inch from wall. 
(c) Probe against wall. 

(b) Probe % inch from wall. 
(d) Superimposition of (a), (b), and (c) . 

FIGURE 6. Variation of flow deflection in boundary layer. Smoke introduced through probe. 

N O T  R E P R O D U C I B L E  
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(a) Figures 6 (a) and 4 (a). @) Figures 6 (b) and 4 @). 
(c) Figures 6 (e) and 4 (c). 

FIGWEE 7.-Superimposition of figures 6 and 4 demonstrating the reliability of probe results for flow visualization. 
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I C )  

FIGURE &-Flow defiection in u-all boundary layer of one pseeyle. Smoke introduced by probe traverse along wall. 

- N O T  R E P R O D U C I B L E  
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(e) Superimposition of (a), (b), (c), and (d). 
FIGCEE 8.-Concluded. Flow deflection in wall boundary lsyer of 

one pssssge. Smoke introduced by probe trave= along ~811.  

Deflections along wall.--Spanwise surveys through the 
boundary layer a t  other positions across the psssage yielded 
patterns essentially similar to those in figures 4 and 6. In 
each case, the streamlines a t  the wall arrived at the suction 
surface of the blade at  some point upstream of the hil ing 
edge. 

Figure 8 enables a direct comparison of representative 
paths of the streamlines obtained in one pssssge by a probe 
traverse along the wall. In each case shown in figure 8,  the 
smoke was introduced with the probe directly against the 
wall, which, as wns demonstrated by figure 7, servea to trace 
out the streandine of flow in the boundary layer on the wall 
itself a t  the probe location. These paths are seen in figure 
8 (e), a superimposition of figures 8 (a) to (d), to be confluent 
in the comer at  the suction surface of the passage near the 
trailing edge. This particular phenomenon of the conver- 
gence of these streamlines tQ a small region in the corner was 
neither anticipated nor implied elsewhere. 

Passage vortex f o r m a t i o n . 4 e  of the chief drawbacks of 
the photographic presentation is that the smoke traces are 
seen in the photographs only as projections against the pas- 
sage walls or against the blades. To an actual observer pre% 
ent a t  the time the tests were made, the streamlines pictured 
in figures 8 (a) to (d) appeared to be drawn, as if by a flow 
sink, to the corner made by the suction surface of the pas- 
sage and the n all, as shown in figure 8 (e). As the stream- 
lines approached this region, their paths took on a spiral 
twist (counterclockwise in the figures presented herein) - 

Thus, the smoke streamline crossing the pasage in figure 
8 (d) remained on the w d  until it  reached the corner. L'pon 
reaching the corner, the major portion of the smoke trace 
rolled up in a vortex and camc off downstream; howcver, 
the smoke in this vortex (fig. 8 (d)) was diluted by the rest 
of the boimdary-layer air comprising the vortex to the extent 
that it could not be perceived photographically a t  this camera 
angle. 
As the smoke, during the probe traverse, was introduced 

progressively closer to the suction surface of the blade (figs. 8 
(c), (b), and (a), respectively), the smoke streamlines were 
observed to deflect away from the wall as they proceeded 
downstream. The spanwise deflection of these smoke traces 
increased in thii order, while the curvature of their paths 
of approach to the blade decreased in the same order. There- 
fore, in 6gure 8 (e), although the streamline of figure 8 (a) 
appesrs to cross the other streamlines, which is patently 
impossible, it actually deflected away from the wall farther 
than the other streamlines and passed over them. Thk 
process, whereby the boundary-layer streamlines at and near 
the wall cross the passage while some of them are displaced 
spanwise farther from the wall than others, results in the 
formation of the m l l e d  passage vortex. The patterns 
shown in Sgure 8 illustrate how part of the inlet boundary 
layer rolls up to form part of the passage vortex. 

The vortex formation, as described here, occurred well 
in the passage and not as a t r d h g d g e  phenomenon. When 
a smoke stream was introduced near the blade leading edge 
in the corner formed by the suction surface and the wall, it 
was observed to assume the same type of counterclockwise 
spiral rotation in the passage axidy at approximately the 
blade midchord position. Because of the tightness of the 
s p a  a d  Lm-m +As p&Lqpp!~~ &sm snly path projec- 
tions, it  has not been possible to obtain a suitable photograph 
of this evidence of vortex formation within the passage of 
the basic two-dimensional cascade. Photographic evidence 
of psssage vortex formation is presented with the section on 

At the flow speeds used for these tests, laminar separation 
probably occurred on the suction surfaces of the blades near 

When smoke was introduced into the wall 
boundary layer (fig. 8), s small portion of this smoke eddied 
out onto the blades into the separated-flow region. This slow 
accumulation of smoke in the stagnant region produced the 
dense traces seen on the blades. 

Dsf lec t io~  on blrdecr-The streamline deflection on the 
blades caused by secondary flew is noted and pictured in 
reference 1. Figure 9 presents the snioke-trace patterns of 
this deflection. The smoke (fig- 9 (a)) was sdmitted through 
the probe approXirarrtay Kr k h  from the 4 and in such a 
pa&tiitm that the smoke stream split and divided on the blade. 
In figure 9 (b), the probe was j4 inch from the wall, positioned 
50 that the d e  path l sy  on the pressure snsaaCe of the 
blade. In figcrre 9 (c), with the probe at the w&, the smoke 
followed the suction wufece of the bhdu- 

SECONDARY ?LOWS IN B m  AND RICE-TURNING CASCADE8 

trailing edges. 
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The manner in which the flow on the blade was deflected 
spanwise toward the wall on the blade pressure surface and 
spanwise away from the wall on the blade suction surface is 
clear in figure 9. A comparison of figures 9 (b) and (c) shows 
that the deflection on the suction surface was much greater 
than that on the pressure surface. Such large deflection 
differences were not to be anticipated from secondary-flow 
mechanisms similar to that described in reference 1. The 
large deflection difference evident in figure 9 is here princi- 
pally attributed to the area-blockage effect of the passage 
vortex near the suction surface, which causes a large deflec- 
tion of the flow on the blade suction surface. The region 
between the smoke trace in figure 9 (c) and the wall is, there- 
fore, a rough measure of the size of the passage vortex. 

As a result of the flow deflection off the blade pressure 
surface, air flowed onto the passage wall and was observed 
to become the wall boundary layer for the region downstream 
of the smoke trace of figure 8 (d). The presentation of this 
phenomenon photographically was prevented by the rapid 
thinning of the smoke as it left the blade and diffused on the 
wall. This deflection will be shown photographically later 
with the higher-turning configurations. 

Remarks oninitial low-speed investigation-The secondary- 
flow pattern in the basic two-dimensional cascade at  low 
airspeeds is a three-dimensional deflection of the flow in the 
end-wall boundary layer, both in the spanwise direction 
normal to the wall and across the passage along the wall. 
As a result, the boundary layer rolls up to form a passage 
vortex well up in the passage and not as a trailhg-edge 
phenomenon. In the region near the low-pressure side of 
the passage where the vortex forms, large gradients of pres- 
sure and flow direction make it difficult to take accurate 
measurements. The complicated three-dimensional nature 
of this flow makes questionable, too, the applications to date 
of any twodimensional, or quasi-three-dimensional, analyses 
of the flow patterns in the wall region and certainly influences 
the entire flow through the passage. 

INITIAL HIGH-SPEED INVESTIGATION 

In order to visualize the flow patterns at higher air veloc- 
ities (larger Reynolds numbers), it was necessary to use the 
hydrogen sulfide and the paint flow-trace methods. The 
construction of the two-dimensional cascade precluded its 
use for flows above a Mach number of approximately 0.4. 
Therefore, the annular-turbine-nozzle cascade rig was used 
for the higher subsonic and for the supersonic Mach numbers. 

Deflections on wall in two-dimensional cascade.-The 
visualization of the flow along the passage wall and blade at  
Mach numbers of approximately 0.4 is shown in figure 10. 
The pattern in figure 10 (a) was made by hydrogen sulfide 
introduced through a static tap upstream of the blades. A 
portion of the hydrogen sulfide trace that actually reached 
and flowed onto the suction surface of the blade but was too 
faint to photograph is shown by the dotted line in figure 10 
(a). The toxicity and obnoxious odor of the hydrogen sul- 
fide prevented its use in this cascade (which discharges into 
the room) for the extended period of time required to darken 
the trace further. 

In order to circumvent this difficulty, an effort was made 

to concentrate the hydrogen sulfide trace in the region of 
chief interest by use of a passage wall static tap. In figure 
10 (b), the hydrogen sulfide was introduced through a static 
tap in the passage; the flow to the corner and onto the blade 
can be seen somewhat more clearly. 

The dark trace on the first blade on the left shown in 
figure 10 (c) was due to hydrogen sulfide released from a wall 
static tap SO located that the flow divided on the blade. A 
faint hydrogen sulfide trace is, of course, obtained immedi- 
ately upon release of the gas, but it was necessary to run the 
test for a prolonged period of time in order to intensify the 
trace sufficiently for photographing. During this protracted 
run, the paint on the rest of the blades in figure 10 (c) was 
observed to flow slowly until it assumed the final pattern 
apparent in the picture. The similarity between the hydro- 
gen sulfide trace and the paint patterns is noteworthy. 

Deflections on shrouds of three-dimensional cascade.- 
The deflection patterns a t  Mach numbers higher than 0.4 
were obtained by applying the hydrogen sulfide flow- 
visualization method to the annular-nozzle ring of a typical 
modern high-speed turbine. In  the annular-turbine-nozzle 
cascade it was possible to use the hydrogen sulfide for a 
sufficient length of time to make the clear, dark traces 
presented in figures 11 and 12. Figure 11 shows the hydrogen 
sulfide traces obtained with the annular cascade a t  a hub 
discharge Mach number of approximately 0.9 and a tip 
discharge Mach number of approximately 0.7. A view of 
the cascade inner shroud a t  the blade-row inlet is shown in 
figure 11 (a). The hydrogen s a d e  was admitted through 
one wall static tap in each of two adjacent passages, and 
the tap positions relative to the blades can be seen in 
figure 11 (a). 

The results in figure 11 (b) show that again the pattern 
has been repeated: In each case the flow deflects across the 
passage, arrives a t  the suction surface of the blade, and 
flows out on the blade. The shape of the flow traces on the 
blades and shrouds indicates possibly the formation of a 
vortex within the passage in the annular cascade as well as 
in the twodimensional cascade. In  figure 11 (c), the 
pattern is repeated at the outer shroud with high subsonic 
Mach numbers. 

The hydrogen sulfide traces for the same annular cascade 
when the approximate hub and tip discharge Mach numbers 
were 1.5 and 1.2, respectively, are presented in figure 12. 
The inner- and outer-shroud static taps used here were the 
same ones used for figure 11. Despite flow discontinuities 
caused by the supersonic flow velocities involved, the 
deflection pattern on the shrouds is repeated and the 
possible formation of passage vortices is indicated. 

Remarks on initial high-speed investigation.-The pattern 
of deflection of the wall boundary-layer flow across the 
passage was repeated at  Mach number 0.4 in the two- 
dimensional cascade and again at  the high subsonic and 
supersonic Mach numbers in the annular cascade. Although, 
strictly speaking, the hydrogen sulfide and paint flow- 
visualization methods used in this section show what 
happens in the boundary layer o d y  at  the boundary itself, 
there are indications that passage vortex formation may 
also occur a t  the high speeds. 
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c-2 9958 

(a) Smoke tube divided on blade. (b) Smoke tube on pressure surface of blade. 
(c) Smoke tube on suction surface of blade. 

FIG- 9.-Flow deflections on blade. 

NOT R E P R O D U C I B L E  
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C-2-59 

(a) Hydrogen sulfide introduced through upstream static tap. (b) Hydrogen sulfide introduced through tap in passage. 

(c) Hydrogen sulfide and paint traces on blade suction surfaces. 
FXQURE 10.-Flow traces in two-dimensional cascade at Mach numbers of approximately 0.4. 
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FI 
(a) Upstream 

:GUBE 11.-Hydrogen 

view of 
sulfide 

,29960 

inner shroud. 
traces in annular-turbinenozzle csscade at high subsonic velocities. 

0.9; tip discharge Mach number, approximstely 0.7. 

(b) Downstream view of inner shroud. (c) Downstream view of outer shroud. 
Hub discharge Mach number, appronnutely 

__/ 

NOT REPRODUCIBLE 
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(a) Ilowirstreaiii view of inlier shroud. 
(b) Downstream view of outer shroud. 

FIGURE 12.--Hydrogeil sulfide traces in aiiiiular-turbine-nozzle cascade 
Hub discharge Mach nuinber, approxi- at supemoiiic velocities. 

mately 1.5; t ip discharge Mach number, approximately 1.2. 

CASCADE PARAMETER INVESTIGATION 

In  this section, the cffects of variations of the cascade 
parameters (blade geometry) on tbe secondary flows are 

investigated. In the region of extremely large velocity 
gradients and angle deflections, where the passage vortex is 
formed, the accuracy of total-pressure and flow-angle 
measurements is severely limited and the interpretation of 
such quantitative measurements must be made with care. 
For these reasons, the influence of blade geometry on 
secondary flows was investigated qualitatively by means of 
appropriate modifications to the basic two-dimensional 
cascade. The cascade was modified for the investigation of 
the following numerical values of parameters in addition to 
those already reported for the basic two-dimensional cascade 
(the parenthetical values are those of the basic cascade): 
stagger angle, Oo ( 4 5 O ) ;  aspect ratio, 1.67 (2.34); solidity, 
2.0 (1.5), and 0.75; angles of attack, 4', 7' (1l0), 15', and 
20'. Also, blade fillets were added on the suction surface, 
on the pressure surface, and on both surfaces, successively, 
to evaluate their effects on the secondary flows. 

In each case with the mainstream velocity about 30 feet 
per second, the secondary-flow patterns were observed by 
the smoke flow-visualization techniques, and the results are 
presented photographically. 

Stagger angle.-The deflections of the streamlines in the 
inlet boundary layer that join in a region near the suction 
surface are demonstrated in figures 13 (a) to (c) for a cas- 
cade with a stagger angle of zero (where stagger angle is the 
angle between the cascade axis and the incoming airj. The 
values of the parameters are given in the legend for each 
photograph of this section. The streamline pattern can be 
seen, by comparison, to be essentially identical with the 
pattern in figure 8, where the stagger angle is 45'. Therc- 
fore, for convenience in photographing, the 0'-stagger-angle 
configuration was used for the remainder of the tests. 

The path of a streamline in the main flow through the 
cascade with a stagger angle of zero is shown in figure 13 (d) . 
It was observed during the tests that the total turning of 
the flow is essentially unchanged from that of the cascade 
with a stagger angle of 45'. 

Aspect ratio.-The aspect ratio for the two-dimensional 
cascade was reduced from 2.34 to 1.67 by means of specially 
devised inserts along the end walls. The boundary-layer 
streamlines (fig. 14) remained unaffected. I t  was observed 
during the test that the spanwise deflection of correspond- 
ing streamlines in the boundary layer was also unaffected by 
the change in aspect ratio. 

Solidity.-With the solidity (ratio of blade chord to blade 
spacing) reduced from 1.5 to 0.75, the main portion of the 
inlet boundary-layer streamline at a blade nose was not 
deflected completely across the channel (fig. 15 (a)). Most 
of the smoke was detlected part way across the channel and 
then proceeded downstream. The wisp of smoke seen at 
the trailing edge reached there by flowing upstream in the 
separated region behind the suction surface of the blade. 
For the case with the solidity reduced to 0.75, it was ob- 
served that the three-dimensional aspects of the boundary- 
layer flow, namely, the deflection of streamlines near the 
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(a) Probe 011 wall near pressure surface. 
(c) Probe on wall near suction surface. 

I C-30422 

(b) Probe on wall in midchannel. 
(d) Probe away from a-all in mainstresm. 

FIGURE 13.-Streamline pattern in csiic.de witin aiagger mgk of  si^. %li&?y, 1.5; -g!e of pttsck, 11'; m v t  ratio. 2.34. 

suction surface in a direction away from the wall, had de- 
creased considerably and the passage vortex was d e r .  
Because the camera shows only projections, the deflections 
away from the wall could Dot be photogrsphed here. Con- 
sequently, the photographs show only cross-channel deflec- 
tion; but the three-dimensional aspects of the flow cannot 
be ignored for proper interpretation of the phenomena 
reported. 

The streamlime for the first probe location at which the 
suction surface was reached by cross-chsnnel flow is shown 
in figure 15 (b). The turning of the mainstream (fig. 15 (e)) 
is less at the low solidity of 0.75 than at  the design 
solidity of 1.5 (fig. 13 (d)). 

The results of tests a t  a solidity of 2.0 are shown in figure 
16. Figure 16 (a) shows that the boundary-layer streamline 
at the nose of one blade is deflected all the way across the 
channel, as might be expected. The deflections of the 
secondary-flow streamlines in the spanwise direction are ob- 

served to have increased over those in the basic cascade. 
The mainstream flow illustrated in figure 16 (b) is turned 
somewhat more than in the basic cascade (solidity, 1.5). 

Angle of attack.-The s t r e d i n e  patterns were investi- 
gated for the cascade at the original solidity of 1.5 and at 
angles of attack of 4O,  7O,  15O, and 20' (original angle of at- 
tack, 11O) .  F;gures 17 and 18 show the results of the tests 
at 4 O  and 20°, respectively. At  a 4' angle of attack (6g. 17), 
it was necesssry to move the probe halfway across the chan- 
nel at the inlet. in order to find a streamline that would deflect 
to the suction surface. As the angle of attack increased, the 
deflections across the channel and spanwise away from the 
wall increased and the passage vortex became larger. 

Combined solidity and angle of attack.-The streamline 
paths for the cascade with solidity of 0.75 and angle of attack 
of 4 O  are shown in figure 19. Again, it was necessary to move 
the probe almost halfway across the channel at the inlet in 
order to find a streamline that was deflected to the suction 

.. . 
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( C )  C-30424 
(a) Probe on ne11 at nose of blade. 
(b) Probe on wall near pressure surface. 
(c) Probe on wall near suction surface. 

FIGURE I4.-Streamlirie pattern in cascade with aspect ratio of 1.67. 
Stagger angle, 45'; solidity, 1.5; angle of attack, 1 1 O .  

surface. It. was observed that in Lhis case the deflections away 
from the wall were smaller than for the basic configuration. 
At a solidity of 2.0, an angle of attack of 20°, and with the 
probe away from the wall (fig. 20 (a)), some streamlines in 
the blade boundary layer well up on the pressure surface of 
a blade deflect to the wall and cross the channel to the suction 

(a) Probe on wall at nose of blade. 
(b) Probe on wall at point where smoke first reached suction surface. 
(c) Probe away from wall in mainstream. 
FIGURE 15.-Streamline pattern in cascade with solidity of 0.75. 

Stagger angle, Oo; angle of attack, 11O; aspect ratio, 2.34. 

surface of the next blade, there to comprise part of the passage 
vortex. A comparison of the amounts of turning of the main- 
streams for the two configurations, which represent the ex- 
tremes of the ranges investigated, is possible with the use of 
figures 19 (c) and 20 (b). 

This study of solidities and angles of attack indicates that 
the over-all turning of the mainstreams of the blade rows is a 
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(8) h b e  on W d  at nose Of blade. 
(b) Probe sway from wall in meinstream. 

Flcnm 16.-Streamline pattern in cascade with solidity of 2.0. 
Stagger angle, 0’; angle of attack, 11’; aspect ratio, 2.34. 

major factor in the cross-channel and spanwise deflections of 
the inlet wall boundary layer. Furthermore, it  was observed 
during these tests that, for the configurations involving 
greater turning of the mainstream, the spanwise deflection of 
the corresponding streamlines in the boundary layers in- 
creased, the roll-up into the passage vortex was tighter, and 
the vortex was larger. 

The study of flows through bends in the next section of this 
report presents more qualitative information on the deck 
of mainstream turning variation on secondary flows. 

Blade flllets.-Streamlines for configurations having fillets 
of approximately %@-inch radius of curvature on the blade 
pressure surface, blade suction surface, and on both blade 
surfaces are shown in figures 21 (a), (b), and (c), respectively. 
The fillets apparently had little effect on the formation of the 
passage vortices. S ia r  results were obtained with larger 
fillets. 

Remarks on cascade parameter investigation.-Thmugh- 
out the investigation of various geometric configurstions of 
the two-dimensional csscrrde, the basic mechanism of the 
formation of a secondary-flow passage vortex was unchanged; 
however, thc degree to which the wall boundary layer de- 

(a) Probe on wall at nose of blade. 
(b) Probe on wall at point where smoke fixst mubed suction d a c e .  
(e) Probe away from wall in mahtmsm. 
FIGURE l?.-Streambe pattern in cLLBc.de with angle of attack of 4O. 

Stagger angle, Oo; solidity, 1.5; aspect ratio, 2.34. 

flected away from the w d  and across the c h d ,  as well as 
the size and tightness of the passage vortices, was influenc8d 
by those parameters which involved the turning of the main 
flow. These parameters, as illustrated by the figures, were 
solidity and angle of attack. Parsmetera such as aspect 
ratio and stagger angle, which did not alter the turning, had 
no apparent influence on this secondaq flow. Furthermore, 
the fillets on the blades had no appreciable effect on the pas- 
sage vortex roll-up. 
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(a) Probe 011 wall at nose of blade. 
(b) Probe away from wall in mainstream. 

FIGURE 18.-Streamline pattern in cascade with angle of attack of 20°. 
Stagger angle, 0'; solidity, 1.5; aspect ratio, 2.34. 

SECONDARY FLOWS IN BENDS AND HIGH-TURNING CASCADES 

Secondary flow in bends.-It has been noted in the liter- 
ature (cf. ref. 4) that low-stagnation-pressure fluid in the end- 
wall boundary layers of rectangular bends moves across the 
passage from the pressure toward the suction side. I t  has 
been indicated further that, upon reaching the suction sur- 
face, the low-stagnation-pressure fluid is displaced away from 
the wall and out into the mainstream. 

The smoke visualization technique was applied to the 
study of the boundary-layer flow in two sets of rectangular 
bends with the following results. As noted earlier, tbe 
curved walls of the 45' rectangular bends are concentric 
circular arcs, so that the main-flow streamlims may be as 
nearly circular as possible in the turning section of the elbow. 
Figure 22 shows the typical pattern of passage vortex for- 
mation described for cascades earlier in this report. The 
smoke, introduced a t  the wall and near the pressure surface 
of the bend, crossed the passage and rolled up near the 
xuction surface. Because of the greater turning involved 
in this case than heretofore, the roll-up and vortex forma- 
tion are much more distinct, and more satisfactory photo- 
graphs of the passage vortex phenomenon are possible. 

The smoke filament in any of these pictures actually 
traces out the path of only one of the streamlines comprising 
a passage vortex. Because of the symmetq of the flow in 

COMMITTEE FOR AERONAUTICS 

(a) Probe on wall at nose of blade. 
(b) Probe on wall at point where smoke first reached suction surface. 
(e) Probe away from wall in mainstream. 
FTGUI~E 19.4 t reaml ine  pattern in cascade with solidity of 0.75 and 

angle of attack of 4O. Stagger angle, 0'; aspect ratio, 2.34. 

such a vortex, however, the behavior of any one streamlinc 
can be considered representative of the entire vortex flow. 
Accordingly, in this report, when the roll-up of a streamline 
into a vortex is shown, it is characterized as the entire vortex 
in the discussion of the figure. 

Figure 23 shows another view of a part of the passage 
vortex takexi with the camera pointed almost directly up- 
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(a) Probe away from wall at nose of blade. 
(b) Robe away from wall in mainstream. 

FIGURE 20.-Streamline pattern in cascade with solidity of 2.0 and 
angle of attack of 20". Stagger angle, 0"; aspect ratio, 2.34. 

stream into the vortex. Careful examination of this figure 
discloses that the portion of the passage vortex shown here 
does not actually touch the suction surface. The outer 
portion of the passage vortex, which does contact the 
suction surface, was obtained by admitting smoke away 
from the wall OG the pressure surface of the passage. This 
is in accaordance with the pattern of passage vortex forma- 
tion described earlier; that is, the boundary-layer roll-up is 
such that the outer layers of the passage vortex are derived 
from inlet boundary-layer flow n a r  or on the pressure- 
surface side of the passage; the central portions of tbe pas- 
sage vortex are derived from the inlet boundary layer nearer 
the suction side of the passage. 

Another part of the passage vortex in the 45' rectangular 
bend is presented in figure 24. Here the vortex is clearly 
shifting in a direction away from the wall and also away 
from the suction surface. 

The formation of a passage vortex in the wall boundary 
layer of the 60' rectangular bend is shown in figure 35. The 
turning section. of these passages are circular ma, all 
having equal radii of curvature. The introduction of a 
large quantity of smoke made it possible to observe the 
continued twisting of the vortex downstream of the blade 
row (fig. 26). 

21 
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(a) Fillet on blade pressure surf-. 
(b) Fillet on blade suction surface. 
(c) Fillets on both blade surfsees. 

FIGURE 21.Streamline pattern in c d e  with blade fillets. St.gger 
angle, 0"; solidity, 1.5; angle of attack, 11O; aspect ratio, 2.34. 

An overhead view of the deflection of a boundary-layer 
streamline across the passage is presented in figure 27 (a). 
When viewed in this direction, perpendicular to the surface 
in which the streamlines are flowing, the s t d i n e s  8ppSr 
quite faint; and so it is considernbly more difficult to obtain 
good, high-contrast pictures from above than from down- 
stream. 
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NOT REPRODUCIBLE 

FIGURE "2.-Roll-up of wall inlet boundary layer to form pasage vortex in 4 5 O  rectangular bend. Smoke introduced on W a l l  near 
blade pressure surface. 



NOT REP ROD U Cl B LE 

FIGURE 23.-Psssrrge vortex in 45' rectangular bend. Smoke introduced on wall near blade preslrure muface. 
.' 
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N O T  REPRODUCIBLE 

FIGURE 24.-Shift of secondary-flow p a s w e  vortex away from wall of 4 5 O  rectangular bend. Smoke introduced on wall near midchannel posit.ion. 
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NOT R E P R O D U C I B L E  

FIGURE 25.-Roll-~p of wall inlet boundary lsyer to form plsslrge vortex in 60' ~ctangulv bend. Smoke introduced on wall 
near blde preaeu~ surfsee. 

25 



1 26 REPORT 1 163-NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

C-32270 

FIGURE 26.--Coiitiiiued twisting of passage vortex downstream of blade row. 
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(a) Probe on wall in passage at inlet to 60° rectangular bend. 
F r a m  27.--Secondary-flow deflection across channel in 60° rectangular bend. 

. . .  

. .  

. .  
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(a) Roll-up of wall boundary layer to form passage vortex. Smoke introduced on wall near suction surfeee. 
FIGURE 28.-Formcrtion of secondsrg-flow pesesge vortex in 60' caecnde of blades. 
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(1)) Roll-up of wall boundary layer to form passage vortex. Smoke introduced off wall near suction surface showing continued twisting of vortex 
downstream of cascade. 

; 

FIGURE 28.-Continued. Formation of secondary-flow passage vortex in 60° cascade of blades. 
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(e) Deflection of flow off blade pressure surface across p86611@ into p86611@ vortex 
FIGWEE 28.--cOncluded. Formation of eecondary-flow paeslrge vortex in 60' CILBCLde of bkdes. 

31 
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(a) Downstream view. 

FIGURE 29.--h’ose effects in boundary layer of 6oo cascade of blades. Smoke introduced on wall near midchannel position. 
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@) Overhe4 view. 

FIGWE !N.-Concluded. Nose efiecte in boundary layer of goo cascade of blades. Smoke introduced on wall near midchannel position. 

, -  

f .  
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This streamline (fig. 27 (a)) does not actually contact the 
suction surface of the passage; that is, it is not in the outer- 
most layer of the vortex. For figure 27 (b), the smoke was 
admitted on the pressure surface of the bend about X inch 
away from the end wall. In  this case, the streamline 
pictured is one that actually does reach the suction surface 
across the passagc. 

Comparison of secondary flow in bends and cascades.- 
In  this section, the secondary-flow patterns obtained with 
the rectangular bends having a turning angle of 60' are 
compared with these obtained with a two-dimensional 
cascade of sheet-metal blades having a turning angle of 60'. 
The total turning, the rate of turning, and the blade spacing 
are the same for both configurations. With the exception 
of the leading-edge region, the main-flow streamline patterns 
were likewise essentially the same. 

Figures 28 (a) and (b) show the way two of the stream- 
lines in the end-wall boundary layer of the 60' cascade roll 
up in the passage vortex. Some of the fluid in the passage 
vortex of this configuration comes from the pressure surface 
of the blade a t  a distance from the wall (fig. 28 (c)). 

For figure 29 (a), the smoke was admitted at the inlet to 
the blade row and at the wall, but closer to the pressure 
surface than in figures 28 (a) and (b). It appears from figure 
29 (a) that, in this 60°-turnhg cascade of sheebmetal blades 
(with the tangent to the blades at the inlet being in the axial 
direction), a well-defined stagnation region exists near the 
blade leading edge on the pressure side. The smoke trace 
in the photograph approaches this region, divides in two, 
and flows around it. One part of the smoke follows a cross- 
channel flow pattern; the other part flows around the blade 
leading edge and downstream along the blade suction surface 
in the adjoining passage. An overhead view of this phe- 
nomenon appears in figure 29 (b). This difference in behavior 
of the boundary layers of the cascade and the bends can be 
explained qualitatively as follows. The main streamline 
pattern for the given cascade should have the form depicted 
in figure 30 (.a); that is, a stagnation point should exist on 
the pressure surface of the blade slightly downstream of 
the leading edge. The high pressures that must exist in this 
region force some of the smoke (fig. 29 (b)) on one side of 
the stagnation streamline to flow upstream and around the 
nose of the blade. On the other side of the stagnation 
streamline, smoke flows across the channel. The adverse 
pressure gradients in the vicinity of the wall in the region 
immediately upstream of the stagnation point give rise 
to a relatively large separated-flow area. In the elbow 
configuration previously discussed, such a stagnation region 
on the pressure surface does not exist. The main streamline 
pattern should have the form shown in figure 30 (b), because 
the straight entrance section afTords a gradual loading of 
the turning surfaces. Thus, despite the fact that the mean 
streamlines through the passages are relatively the same for 
the 60'bends and for the corresponding cascade, the boundary- 
layer flows are noticeably difTerent. 
In figure 31 (a), the probe admitting the smoke has boen 

shifted toward the suction side of the passage, just enough 

(a) Streamline pattern in 60' cascade. 
(b) Streamline pattern in 60' bend. 

FIGURE 30.-Comparison of streamline patterns in 60' cascade and 
60' bend. 

for the smoke trace to clear the stagnation region. The path 
of the smoke trace, compared with that in figure 27 (a) for 
the 60' bend, is somewhat distorted. In figure 31 (b), the 
probe has been moved even closer to the suc.tion side, yet 
the flattened trajectory still is evidence of the effects of the 
separated-flow region. 

Remarks on flows in bends and cascades.-For purposep 
of photography, the tests of the secondary flows in the 
high-turning bends and cascades were much more satis- 
factory than the tests on the basic two-dimensional cascade. 
As a result of the high turning involved, the passage vortex 
roll-up was very well defined. Each smoke trace maintained 
its identity long enough to enable good photographic evidence 
of a true vortex formation in the passage. 

The accumulation of low-momentum fluid near the suction 
surface was here seen to be a passage vortex. After its initial 
formation, the flow in this vortex on its way downstream 
shifted spanwise out from the end wall. 

Comparisons of the boundary-layer flows in bends and 
cascades disclosed possible large discrepancies botween 
them. The study of secondary flows in rectangular bends 
may then facilitate theoretical andyses of flow-deflection 
paths, but the results may not be applicable directly to 
cascade boundary-layer flows. 
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(a) Smoke trace just outside nose stagnation region. 

FIGURE 31.-&Condary-flow streamlines in b o r d r y  layer of 60° &e showing effects of stegnation region near nose. 



I 36 REPORT 1 163- NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 



A VISUALIUTION BTuDY OF SECONDARY FLOWS IX CA6CADm 

0 2 4 6 8 
Circumfereniiol distance, d q  

(a) Hub discharge hach number, 0.94. 

FIGURE 32.-Contours of los~across one blade passage of annular- 
nozzle cascade. 

SECONDARY FLOWS IN THREE-DIMENSIONAL CASCADE6I 

The flow-1-isualization technique u-as applied to an annular- 
turbine-nozzle cascade designed for high subsonic and for 
supersonic Mach numbers in order to extend the scope of 
this investigation into typical tiirbomachine flow conditions 
with radial pressure gradients and with the complicating 
addition of shock phenomena. The information concerning 
cross-channel deflections and passage vortex formation 
obtained in the basic tu o-dimensional cascade, together 
with the results obtained N it11 hydrogen sulfide and paint 
flow traces, provided a clear undeistanding of secondary 
flous in three-dimensional cascades (ref. 5) .  In  reference 5, 
careful surveys of total pressure and flow angle made at 
the discharge of the turbine-nozzle blades revealed the pres- 
ence of a sukstantial loss core near the inner shroud. The 
loss core near the outcr shroud was very much smaller a t  the 
lower pressure ratio investigated in reference 5 and decreased 
almost to the vanishing point a t  the higher pressure ratio. 
(pigs. 8 (e) anti (f) of ref. 5, which present some results of 
the surveys, are reproduced for convenience herein as fig. 32.) 
These results indicate the presence of sizable inward radial 
flou s in the cascade. Accordingly, the hydrogen sulfide M d  
the paint flow-trace methods were applied to the cascade. 

Loss, 
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(b) Hub discharge Mach number, 1.16. 

of annular-nozzle d e .  
FIGURE 32.--Concluded. Contours of 1 0 s  acm one blade passage 

Figures 11 and 12 show the results of the hydrogen sulfide 
tests and demonstrate the t-ypical cross -channel deflection 
pattern. Paint-trace evidence of radial flows in the blade 
wakes and on the blade suction surfaces is presented in 
figures 16, 18 (c), and 19 of reference 5. In particular, 
figure 16 of reference 5, reproduced herein as figure 33, is a 
striking indication of radial flows along the blade suc.tion 
surface in a region of thickened boundary layer produced by 
the intersection of a flow discontinuity (at the supersonic 
Mach number) with the suction surface. 

Reference 5 attempts to evaluate these radial flows and 
concludes: “The inner-wall loss core associated with a blade 
of a turbine nozzle casca.de is largely the accumulation of 
low-momentum fluids originat.ing elsewhere in the cascade. 
This accumulation is effected by the secondary-flow mecha- 
nism, which acts to transport the low-momentum fluids across 
the channels on the walls and radially in the blade wakes 
and boundary layers. At one flow condition investigated, 
the radial transport of low-momentum fluid . . . accounted 
for approximately 65 percent of the inner-wall loss core.” 

. .  
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FIGURE 33.-Enlarged view of inward radial flow of low-momentum 
fluid showing paint traces of secondary flow aloug blade suction sur- 
face at nozzle discharge of atiiiular-nozzle cascade. 

Figure 34 (fig. 21 of ref. 5 )  presents an over-all sketch of 
the secondary-flow components in the annular-turbine- 
nozzle cascade. Similar tests on another annular-nozzle 
configuration (ref. 5) disclosed the same pattern of secondary 
flows but with better evidence of radial flows in the blade 
wakes a t  the lower pressure ratios. 

TIP-CLEARANCE EFFECTS IN TWO-DIMENSIONAI, CASCADE WITH LOW- 
TURNING BLADES 

In order to simulate more closely the conditions in a turbo- 
machine, tip clearances of 0.060 and 0.014 inch were pro- 
vided in the two-dimensional cascade. The effects of this 
tip clearance were studied by means of the smoke visuali- 
zation method. One of the end walls of the cascade was then 
replaced by an endless moving belt whose direction and 
speed could be varied, in order to study the tip-clearance 
effects with relative motion between blades and wall. 

FIGURE 34.-Secondary-flow components in annular-nozzle cascade as 
indicated by paint and hydrogen sulfide traces. 

Tip clearance.-The possibility that blade tip-clearance 
flow might oppose the formation of the passage vortices and 
thus reduce these flow disturbances was investigated. The 
flow patterns a t  clearances of 0.014 and 0.060 inch (0.4 and 
1.7 percent span, respectively) are shown in figures 35 and 36. 
respectively. The point of principal interest arising from 
this study was the fact that with tip clearance the passage 
vortex heretofore observed was displaced but was neither 
eliminated nor apparently reduced in magnitude. 

The deflection of the flow along the pressure surface (fig. 
35 (a)) is greater than for blades without tip clearance, 
because a large part of the flow under the blade tip comes 
from flow off the blsde pressure surface. For this particular 
probe location, the flow was observed to cross under the 
blade tip a t  the midchord position. This blade boundary- 
layer flow, which crosses under the blade, forms a vortex 
lying against the suction surface. This tip-clearance vortex 
rotates in a direction opposite to that of the secondary-flow 

(a) Probe away from wall on nose of blade. 
(b) Probe on wall in midchannel. 

FIGURE 35.-Stresmline pattern in cascade with 0.014-inch blade tip 
Stagger angle, Oo; solidity, 1.5; angle of attack, 11O; clearance. 

aspect ratio, 2.34. 
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C - 32165 ( b )  

( c  1 

(P,) Probe on wall near nose of blade; stagger angle, 45'. 

(c) Static tap near nose of blade and probe on waii i i e i  

nose of blade; stagger angle, 45'. 

C-30440 I d )  

(b) Static taps at inlet near nose of blade and in mid- 
channel positions; stagger angle, 45O. 

(6) Pmhp e=-q  fmm =-all on nose of blade; stagger angle 0'. 

FICCRE 36.-Streamline patterns for cascade with 0.060-inch blade tip elearnace. Solidity, 1.5; angle of attack, 11"; aspect ratio, 2.34. 

vortex and preempt the region where the secondary-flow 
vortex would form if no tip clearance were present. Never- 
theless, figure 35 (b) shows that the usual passage vortex 
still exists and is merely displaced by the tipclearance vortex. 
Essentially the same phenomenon for 0.060-inch blade tip 
clearance is illustrated in figures 36 (a) to (c). The t i p  
clearance vortex in figure 36 (a) was traced out by smoke 
admitted through a probe. Figure 36 (b) is a side view of the 
displaced passage vortex and was obtained when the smoke 
was admitted through wall static taps upstream of the blades. 
Figure 36 (c) depicts the pattern obtained from smoke 
admitted through the probe to show the tipclearance 
vortex, while smoke admitted simultaneously through a wall 
static tap shows the usual secondary-flow vortex. The 
manner in which the tip-clearance vortex flows contiguous 
to the secondary-flow vortex can be seen in the figure. 

A particularly striking picture of the tipclearance vortex 
forming in a cascade with 0.060-inch blade clearance is shown 
in figure 36 (d). 

Belative motion between blades and wall.-The investiga- 
tion of the flow behavior when relative motion existed 
between the cascade blades and the cascade end well disclosed 
some unexpected results. In  particular, it had been assumed 
a priori that the moving wall would tend to increase the 
flow of the w d  boundary layer as well as of the blade bound- 
ary layer off the leading surface and to pull them under the 
blade tips in the direction of the wall motion. However, 
figure 37 indicates that this assumption is invalid. Compari- 
son of the smoke deflection in figure 37 (a), where the well 
is stationary, with figures 37 (b) and (c), where the motion 
of the wall is such as to make the pressure surface the leading 
surface, shows that flow on the blade is actually deflected 
away from the wall. Similarly, figure 38, where the suction 
surface is leading, shows increased deflection of the flow away 
from the wall with increasing wall speed; figures 38 (a), (b), 
and (c) illustrate the patterns for the stationary wall, for the 
wall moving at moderate speed, and for the wall moving at 
high speed, rLSpectively. 

. .  

. .  
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4 4-75!! 
C-30441 

C-30442 

(a) Stationary wall. 
(b) Moderate-speed wall. 
(c) High-speed wall. 

FIGURE 37.-Streamline deflections on blade pressure surface with 
probe on nose of blade. Pressure surface leading; blade tip clear- 
ance, 0.014 inch; stagger angle, 0'; solidity, 1.5; angle of attack, 11'; 
aspect ratio, 2.34. 

I COMMITTEE FOR AERONAUTICS 

( a  1 

C-30443 

( C )  C - 30444 

(a) Stationary wall. 
(b) Moderate-speed wall. 
(c) High-speed wall. 

FIGURE 38.-Streamline deflections on blade suction surface with probe 
on nose of blade. Suction surface leading; blade tip clearance, 
0.014 inch; stagger angle, 0'; solidity, 1.5; angle of attack, 11'; 
aspect ratio, 2.34. 
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The explanation of the observed phenomenon is that the 
blades have a scraping action on the flow near the moving 
wall. The blade l e a d i i  surface scrapes up fluid entrained 
on the moving wall and thus imparts a rolling motion to the 
air in the vicinity of the leading surface. Figure 39 shows 
this roll-up when the pressure surface is leading; figure 40 
portrays the same type of roll-up when the suction surface is 
leading. One consequence of this scraping effect is the virtual 
elimination of the tip-clearance vortex associated with a 
stationary wall for this configuration (figs. 35 and 36). 

The patterns on the pressure surface of a blade when the 
suction surface is leading are shown in figure 41. Cam- 
parison of the flow deflection in figure 41 (a) (wall stationary) 
with figures 41 (b) and (c) (wd moving) shows that wall 
motion increases the flow deflection on the pressure surface 
toward the wall. Smoke injected near the moving wall 
actually flowed down the blade onto the wall and was carried 
across to the suction surface of the adjacent blade. 

Similarly, k u r e  42 shows that the m o w  wall, with the 
pressure surface leading, deflects the flow on the suction sur- 
face toward the wall. In this case, it was also observed that 

(a) Downstream view. 
(b) Side view. 

FIGUBE 39.-Stresmline patterns showing scraping effect of blade with 
probe near pressure surface. Pressure surface l d i n g ;  moderate- 
speed wall; blade tip clearance, 0.014 inch; stagger angle, 0'; Wfidity, 
1.5; angle of attack, 11O; aspect ratio, 2.34. 

C-30446 

FIGURE 4O.Stremnline patterns showing scraphg effect of bkde; 
suction surface leading. 

smoke flowed down the blade suction surface onto the wall 
and was carried over to the pressure surface of the adjacent 
blade. A photograph of this effect was unobtainable because 
of the severe difFusion that existed wlien smoke was 80 

introduced. Furthermore, this action of the moving wall 
with the pressure surface leading removed the stagnantceir 
region previously existing on the blade suction surface near 
the trailing edge so that the flow now remains attached to 
thc entire blade suction surface. 
Remarks on tip-clearance effects.-Instead of reducing 

secondary-flow effects, tip clearance in the basic two- 
dimensional cnscsde merely displaced the secondary-flow 
vortex and provided anoUer v o i k  r & k i  i~ &e e p p i k  
direction. The two vortices rotated side by side without 
much mixing end thus constituted a considerably larger flow 
disturbance than did the secondary flows done. 

\Then the wall moved past the blade tips, the net efItxt 
was that flow near the wall was scraped off and rolled up by 
the blade leading surfaces, while the low-momentum fluid 
on the blade trailing surfaces was pulled off the blades. 

Xhen the pressure surface was leading, this behavior 
served in this configuration (1) to improve flow character- 
istics on the blade suction surface even at  some spanwise 
distance from the tip by reducix the blade boundary layer 
that exists when the wall is stationary (this boundary-layer 
reduction is desirable, because it reduces the tendency toward 
separation on the blade suction surface); (2) to replace the 
secondary-flow vortex and tip-clearance vortex ou the 
suction surface by a different roll-up near the blade leading 
surface; and (3) to improve generally the tip flow on the 
pressure surface and the blade tip loading in the sense that 
the tip flow is prevented from deflecting under the blade, 
which would reduce the pressure difFerence across the blade 
tip. The patterns of the flow obtained with the pressure 
surface leading simulate to a degree the absolute fluid motion 
in an axial-flow-compressor stator or the relative motion in 
the compressor rotor. 
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Khen the suction surface was leading, for the configuration 
tested, this behavior served (1) to aggravate the effects at 

( b )  C-30447 

(a) Stationary wall. 
(b) Low-speed wall. 
(c) High-speed wall. 

FIGURE 41.-Streamline deflections on blade pressure surface with 
probe on nose of blade. Suction surface leading; blade tip clear- 
ance, 0.014 inch; stagger angle, 0'; solidity, 1.5; angle of attack. 11'; 
aspect ratio, 2.34. 

the suction surface by piling up low-energy fluid there that 
increased the secondary-flow effects while adding a new roll- 
up near the leading surface (this pile-up of low-energy fluid 
is undesirable, because it increases the tendency toward 
separation on the blade suction surface), and (2) to aggravate 
the tip effects a t  the pressure surface by increasing the de- 
flection of the flow and thereby impairing the blade loading 
at the tip. In this case, where the suction surface is leading, 
the flow patterns simulate to a degree the relative motion of 
the fluid at the blade tips of a turbine rotor. 

(a) Stationary wall. 
(b) Moderate-speed wall. 

C-32167 

FIGUBE 42.-Streamline deflection on blade suction surface with probe 
on nose of blade. Pressure surface leading; blade tip clearance, 
0.014 inch; stagger angle, Oo; solidity, 1.5; angle of attack, 11O; aspect 
ratio, 2.34. 

The foregoing observations offer a possible explanation 
for the larger tip losses encountered in turbines as compared 
with compressors. They also indicate that, whereas shroud- 
ing appears to be undesirable in compressors, it may be 
beneficial for turbine configurations similar to the one 
studied herein with low turning and low blade tip stagger. 
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TIP-CLEARANCE EREcr(l WITH HICR-IUIWINC .LID= 

Preliminary considerations.--As noted in the previous 
section, the blade tip-clearance flows and the scraping deett3 
produced by relative motion between blades and maU may 
lead to boundary-layer separation and reduced tip loading 
in a turbine rotor. This wndition would result in the ex- 
traction of less work from the gas at the tip section. Total- 
temperature measurements behind Lurbine rotors generally 
indicate that there is a deterioration of blade performance 
near the tip. 

However, in several recent experimental investigations of 
high-speed turbines at the NACA Lewis laboratorg, this 
quite typical decline in turbine blade performance at the 
tip section was notably absent. The turbine blading con- 
figurations involved were fairly typical of high-speed turbine 
rotors, that is, 1-e-turning (high circulation), high-tip- 
stagger blades. Consideration of these results along with 
those of the previous section suggested the possibility that, 
under certain conditions, a balance might be established 
between passage vortex and scraping effects on the one 
hand and tip-clcarance effects on the other that would 
imhance good blade tip loading. 

I t  was reasoned that the scraping effect, which in the con- 
figuration of the previous section was SO large that it masked 
completely the passage and tipclearance vortex effects, 
would be reduced considerably when the blade tip orientation 
was more tangential in direction. The chord line of the tip 
sections of high-tip-stagger blades is pointed more nearly in 
the direction of relative blade-wall motion than in the cnse 
examined in the previous section. Phyaicslly, the blades 
might be considered to have a slicing action on the wall 
boundary layer rather than the kind of scraping action seen 
before. i t  wns r-~ed finher that the &$-deartm~r! 
vortex would become larger with higher turning (circulation) 
in the blades as a result of the increased gradient of pressure 
through the clearance space from the pressure surface to 
the suction surface of the blade. It has already been 
established that the passage vortex becomes larger with in- 
creasing turning. As has been previously noted, some of 
the flow forming the psssage vortex comes off the pressure 
surface of the blade. This effect might be somewhat reduced 
by the tip-clearance action, which diverts into the tip- 
clearance vortex some of the blade boundary-layer flow that 
would, otherwise (with zero clearance), deflect off t.he blde 
pressure surface, onto the wall, and across into the passage 
vortex. 
Tests with moving wall and high-turning blades.-Smoke 

studies were conducted in the two-dimensional csscsde, 
with t.he moving wall, to investigate the possibilities discussed 
in previous sections. The 45°-stagger-sngle cor&mtion 
was used to permit large turning. Figure 43 presents 
photographs of the results of an investigation of blades with 
approximately 125' turning. In  this configuration, the 

leading edge d the blades have zero angle of incidence with 
the main fiow, and the brading edges of the blades point 
approximately 10' from the direction ot the wall motion. 
A schematic sketch of the sppsnrtus appears in figure 43 (a). 

Because of the high turning of the cascade blades, the 
camera had to be directed broadside at  the smoke and could 
not be aimed along smoke paths. This necessitated the use of 
large quantities of smokc to obtain any photographs a t  all; 
those which were obtained are pictures of projected smoke 
pat terns only. 

In figure 43 (b), the smoke was introduced with the probe 
a t  the leading edge of the middle blade of the cascade on the 
pressure surface (the photographs show suction surfaces only) 
and spanwise about one-third of the way up the blade. The 
wall is stationary. Some of the smoke was deflected down 
the pressure surface end through the tip-clearance space and 
formed a very large tip-clearance flow region on the suction 
side of this middle blade. This tip-clearance flow can be seen 
neSr the wall against the suction surface of the middle blade 
in figure 43 (b). The excess smoke that did not follow this 
pattern can be seen passing downstream to the right in the 
photograph. KO suitable photographs wuld be obtained of 
the passage vortex roll-up. This vortex roll-up, which W ~ S  

observed during the tests to occur in the upstream third of the 
passage and to roll around the large region occupied by the 
tipclearance flow, made a sharp surface of demarcdon 
defining this region. 

(a) Schematic diagram of apparatus. 

FIOUBE 43.-Tipclesrance effects with relative motion between wall 
Smoke introduced on pressure surface of and high-turning blades. 

middle blade. 
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( b )  C-32161 

(b) Stationary wall. 

surface of middle blade. 
FIGURE 43.-Continued. Tip-clearance effects with relative motion between wall and high-turning blades. Smoke introduced on pressure 
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. 

. . . . . . - 

(c) Moderates@ wall. 

FIGURE 43.-continued. Tipclearance effects with relative motion between wall and high-turning blades. Smoke introduced on pressUre Surf- of middle blade. 
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(d) High-speed wall. 
FIWRE 43.--Concluded. Tip-clearance effects with relative motion between wall and high-t,umixlg blades. Smoke int,roduced on pressure surface 

of middle blade. 
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With the wall moving at moderate speed (Sg. 43 (c)), the 
tipclearance flow, seen against the suction surface, decreased 
considerably. The region occupied by this flow was corre- 
spondingly reduced, with the result that smoke introduced in 
the boundary layer a t  the passage inlet could now approach 
closer to the suction surface than with the wall shtionq-. 

With the wall at a higher speed (k. 43 (d)), no tip-clearance 
flow to the suction surface was observed. Smoke introduced 
in the inlet boundary layer for the most part flowed quite 
smoothly downstream. This indicates that such a balance 
was established between the passage vortex and the scraping 
effects on the one hand, with the powerful forces tending 
to create tipclearance flow on the other hand, as to pro- 
duce relatively undisturbed flow throughout the passage. 
As a matter of fact, the flow through the passage under 
these conditions was smoother than in earlier configura- 
tions where less turning and smaller tip-clearance forces 
were involved. 
Tests in low-speed turbine rotor.-The photographs pre- 

sented in figure 44 illustrate more clearly the variation in 
relative magnitude of the tip-clesrance and scraping effecte 
with variation in relative blade-to-wall speed. These photo- 
graphs were obtained by Hubert W. Allen and Milton G. 
Kofskey of the NACA Lewis laboratory from their appha- 
tion of the smoke flow-visualization technique to the tip- 
clearance region of a low-speed turbine designed specifidly 
for that purpose. The photographs in Sgure 44 were &R 
with the camera downstream looking toward the discharge 
section of the turbine rotor, which is rotating in a counter- 
clockwise direction. In  figure 44 (a), at low rotor speed, the 
tipclearance flow dominates the flow p&um. The smoke 
that is introduced through a static tap in the euter shroud at 
the rotor blade midchord position, d&y, is seen in this 

figure to overtake the blade and to roll up near the suction 
surface of the blade in the vortex roll-up direction typical of a 
tipclearance vortex. At a somewhat higher rotor speed 
(fig. 44 (b)), the increased scraping &ect has reduced the 
region occupied by the tipclearance flow. The tip-clearance 
vortex can be seen in figure 44 (b) to be smaller in size and to 
lie closer to the rotor blade than before. At  the highest rotor 
speed, the scraping ei€ect has increased greatly (fig. 44 (c)) 
and now masks the tip-clearance flow completely, so the 
photograph shows the formation of a typical scwping vortex 
near the l e a d i i  (suction) surface of the rotor blade. Some- 
where between these last two speeds is a balance point for 
these effects, and at this balance point the flow disturbances ' 

in the tip region are reduced to a minimum. 
These photographs, taken in an actual turbine configura- 

tion, confirm the possibility a d v a n d  earlier of controlling 
the relative magnitudes of the tip-region flow disturbances 
of a turbine rotor. I t  appears possible, therefore, to improve 
the flow conditions in the turbine rotor tip region by balanc- 
ing against each other the seconk-flow effects that came 
the flow disturbances there. 

Bemarks on tip-clearance effects in turbine rotors.-In a 
cursory investigation, it was found that a b h c e  could be 
edabliahed between passage vortex and Scraping efbcts on 
the one hand and tipdearance effects on the other, which 
would result in improved flow conditions throughout the 
p~sssge and its bounsorg-layer regions. It may be i n f d ,  
therefore, thati the posaibiity certainly exists of de%igning 
high+ turbinerotor con@nutions in such fashion as 
to reduce separation and to prevent reduced loading on the 
blades at the tip section. This possibility depends upon 
evduating and regulating the relative sizes of the secondary 
and Made t i p h u a m x + h  &ems- 

(b'- ,~"-- I -  (Cl C-33782 
__"_  . - 

(a) Low-speedrotor. 6) Higher+@ rotor. (c) Higheshpeed rotor. 

FIGWE 44,-Chsnge in rclative Wnitudes of tipclearance and scraping effects in twbme rotor with varying mtor speed. 
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(a) Probe on wall at inlet to upstream cascade near pressure surface. 
FWJRE 45.-Pesssge vortex generated when upstream cascade strikes pressure surface of blade in downstream cascade. 



(b) Probe on wall at inlet to upstream cnscade near suction surface. 

FIGWE 45.-Concluded. Paatage vortex generated when upatreun cascade strilrer, pressure surface of blrde in do- cascade. 
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This investigation dso suggests a reason for apparently 
conflicting experimental results concerning the effects of tip 
clearance on turbomachine performance. Decreasing the 
tip-clearance spacing in a turbine configuration for which 
the scraping effect is already the largest flow disturbance 
would be detrimental to the turbine performance. However, 
in a turbine configuration for which the tip-cletlrance flow 
effect is largest, decreasing the tip-clearance spacku would 
serve to improve the turbine performance. 

In  more moderate-speed turbine rotors, with typically 
less blade stagger a t  the tip than is usual with the high-speed 
rotors, i t  may not be possible to reduce the scraping effects 
sufficiently. For such turbines, where the centrifugalktress 
problems are not too acute, shrouding of the rotors appears 
to be a more likely method of blade tip-loading control. 
Shrouding such turbine rotors might. well reduce or eliminate 
both the scraping and tip-clearance effects and could result 
in better flow conditions in the turbine rotor-tip region. 
It should also be noted carefully here that shrouding a 
turbine rotor that operates near the balance point of the flow 
disturbances without the shroud could upset that balance. 
In  addition, there might well be some undesirable effects 
produced by the action of the shrouding on the upstream 
boundary-layer coming into the turbine rotor. These 
considerations probably account for the apparently conflict- 
ing experimental results concerning turbine rotor shrouding 
obtained by various investigators. 

SECONDARY FLOW IN TANDEM CASCADEB 

Flow patterns in tandem cascades.-The construction of 
the tandem cascades was described in the IUPSIUMENTAL 

SETUPS section of this report. Smoke traces disclosed that 
the mainstream followed the turnings through both cascades 
quite smoothly. The secondary-flow pattern in the wall 
boundary layer for each 60" cascade by itself was the same 
as shown previously (figs. 25 to 28); that is, each generated 
its own passage vortex, which then extended downstream. 

The behavior of the vortex generated by the upstream 
cascade provided the chief interest in this flow-visualization 
study. This vortex did not turn as much as the main flow in 

passing through the downstream cascade. Instead, it dis- 
played a strong tendency to continue in the same direction 
as when it left the upstream cascade. When the relative 
spacing of the cascades was such that this vortex passed 
through the downstream cascade without touching a blade 
there, it was not turned back to the axial direction. Because 
of the setup used, it was impossible to get overhead pictures 
of this phenomenon so that the discharge angle of the vortex 
might be ascertained. The best estimate that could be made 
in this series of qualitative studies is that the vortex tube does 
turn somewhat in passing through the second blade row h t  
that the discharge angle of the vortex is nearer 60' from axial 
than axial. 

The resistance to turning of the vortex tube is shown in 
figure 45. In figure 45 (a), the smoke was introduced at the 
inlet to the aptream cascade and at  the wall. The smoke 
trace is seen to cross the passage in this cascade. The de- 
flection of the streamline away from the wall also is apparent 
from its spanwise position in the photograph as it enters the 
second or downstream cascade. Then (see fig. 45 (a)), the 
vortex tube, instead of turning with the main flow, proceeds 
in ita path until it collides with the pressure surface of a blade 
in the second cascade. An observer could see the flow in 
the vortex tube strike the pressure surface and deflect down- 
stream. At the low airspeeds of these tests, flow separation 
was observed on the pressure surface of the blade in the region 
of tlre impact. 

Figure 45 (b) shows the same phenomenon when the smoke 
is introduced a t  a different position in the inlet boundary 
layer of the first cascade. 

Bemarks on secondary flows in tandem cascades.-This 
tandemcascade investigation demonstrates the resistance to 
turning of the secondary-flow vortices as they extend down- 
stream. The preliminary results of these tests indicate one 
way in which tbe secondary flows, with little actual energy 
involvement per se, may give rise to considerable losses as a 
result of their behavior in subsequent stages of turboma- 
chines. This behavior pattern of the vortex tubes suggests 
the need for further investigations into the nature of the 
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traverses. 
of the d e d - u p  vortex and rlang tBe prta tbe YR&C?X 

CONCI,Uf4IONS 

1. The pattern of mxmlary-fiow behavior in bouadarg 

wheneverthemisturningoftbe - ,amsi&ofa 

region near the suction surface to form a paemage vorter, No 
traili-edge vortex phenomenon was o k d .  The size 
and tightness of this passage vorterdapends ph5paRyapan 
the turning of the mainataeua 

tion away from the end wall rrnd from the MoBe h lim- 

f a c e 8 8 i t m o v e S d o w n s f r e a m s n d t o n s ‘ i s t s a ~ ~  

in the t a n d e m d e  studies, where 8 porfex p9eeio% from 
one cascade through another strikes the prsranre slntoce of a 
blade in the d0wmtma.m d e  and causes flow disturb 
a n w .  These disturbances may munt for a luge pat of 
the losees attributed to seoondery ibwa in tmrboma&ina~ 

3. The existence of blade tip clearance in a d e  induces 
a vortex near the suction surface (formed from flow under 
the blade tip), which rotatea in a direction opposite to the 
passsge vortex. The tipcleprence vortex clispleces the 
psssage vortex from the region near the blade suction surface 
and rotates side by side with it without appreciable mixing. 
The magnitude of the tip-clesrance vortax mries with W e  

4. When relative motion exists between the d e  blades 
and the cascade end wt& the leading surfaces of the blades 
wiQ moderate blade tip stagger “scrape” up entrained fluid 
near the wall end impart a rollirtg motiofi to the air in this 
rc%ion, while, on the trailing surface, boundary-layer fluid 
is apiraid off the blade onto the wall. With the preawre 

layem of Cascade8 and rectrnguhr dbrws, which oEc\DLs 

t h r e e d i m k d  roflsp of end-nrll bundvy hy- in i 

2. Itis(9um&em . t i c o f s p a a e e % e ~ t o i m a c m a ~  

withthemainstream. Thelatterredtispv * p evidemt 

lorrding. 

snrkoe leading (ampramor case), the scraping &ect im- 
p v e s  Mode @&ding chupcteristics. With the suction 
Surzace leadii (turbine case) the scraping &ect is detri- 
mental to blade tiplarrding charactaistice. For turbines 
with higa W e  tip stagger, it appears possible to obtain 

and thk-saaping &ecta. As a result, the normally large 
distmbedflon ~ N S  (and deterioration of turbine blade per- 
fornraa& rt the tip) near the suction surface am be reduced. 

5. T h e w  vortex formation is the principal seconduy- 
flow paesomenOn in rectmgdar bends, as it is in des. 
aovsVar, as a mdt of the nose &ect in cascades, the 
boandug-l.ycr ftows are noticeably Merent from t h e e  
in bends. 

r bd8nCe b e e n  tip-cl- &ecb d pasEsge vortex 
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